Recent scientific data illuminate the dietary link to rheumatic disorders. This review summarizes recently published articles on the dietary link to rheumatoid arthritis, gout, and osteoarthritis.
Introduction
'Does my diet affect my arthritis?' The question is familiar to many rheumatologists, but solid data that address it have been sparse. Recently scientific data are emerging that serve to illuminate the dietary link to rheumatic disorders. Because diet is an unavoidable universal exposure for people, even a small effect that can be achieved by dietary manipulation may produce a large impact on the population's health.
Establishing a casual link between dietary factors and disease requires both the elucidation of underlying pathogenetic mechanisms and the illustration of the link in human studies, in which epidemiologic research plays a major role. Epidemiologic research on dietary risk factors may begin with ecologic correlational studies, although the role of these studies in making causal inference is limited as a result of the potential for confounding that is often difficult to measure and adjust for in these studies (e.g. genetic disparity or factors associated with industrialization among compared countries). To be able to more directly investigate dietary risk factors for the development of rheumatic disorders, investigators typically need incident information based on follow-up of a population unaffected by the condition at baseline. When the rheumatic disease of interest is relatively common, as are osteoarthritis (OA), gout, and rheumatoid arthritis (RA), a cohort study design can produce a sufficient number of incident cases over a reasonable follow-up period to allow analyses of the suspected risk factors. The case-control design is more efficient for studying rarer outcomes (e.g. systemic vasculitis) that would not accrue in reasonable numbers even in large cohort studies with long follow-up. Although important practical limitations are associated with interventional studies (e.g. randomized trials), these studies are expected to provide more direct causal inference for suspected dietary links.
In summarizing recently published data on the dietary link to rheumatic disorders in this review, each topic below discusses the potential underlying mechanisms, the epidemiologic data, and available interventional studies.
Rheumatoid arthritis
Meat and protein, omega-3 fatty acids, fish oil, olive oil, the Mediterranean diet, and other dietary factors have been linked to the risk of RA.
Meat and protein
Red meat may have pro-inflammatory properties by providing a dietary source for arachidonic acid, a fatty acid involved in the production of pro-inflammatory eicosanoids [1] . An ecologic study compared data from eight countries on the prevalence of RA in female participants related to national dietary supply [2] . The study reported fat from meat and offal to be strongly associated with the prevalence of RA (r 2 0.877, P < 0.001). Pattison et al. [3 • ] recently performed a prospective nested case-control study linking dietary information from a 7-day food diary collected in the European Prospective Investigation of Cancer cohort (EPIC) with 88 incident cases of inflammatory polyarthritis identified in the Norfolk Arthritis Register (NOAR). Both crude and energy-adjusted analyses showed a statistically significant positive association between red meat intake and the risk of inflammatory polyarthritis. However, that association became statistically borderline after adjustment for smoking and fruit intake, although total meat and protein intake remained associated with the risk of inflammatory polyarthritis. When the analysis was restricted to patients with definite RA, the strength of the association with meat intake did not change [3 • ]. The analysis was not adjusted for potentially important confounders such as fish oil or omega-3 fatty acids, and some of the results are not easily reconcilable with those of other reports [4] . Nevertheless, these data suggest a potential link between intake of meat or total protein and the risk of inflammatory polyarthritis or RA and call for further research on the topic.
Omega-3 fatty acid, fish oil, olive oil, and the Mediterranean diet
The Mediterranean-type diet is characterized by less red meat and more fish, in addition to olive oil as the principal source of fat, an abundance of plant food (fruits, vegetables, whole-grain cereals, nuts, and legumes), poultry consumed in low to moderate amounts, and moderate consumption of wine. Studies have suggested that the main components of traditional Cretan diet may have protective effects on the development or severity of RA. For example, omega-3 fatty acids have been shown to have anti-inflammatory effects, including significant reductions in the release of inflammatory cytokines (e.g. interleukin 1 from monocytes, leukotriene from neutrophils) that are thought to be involved in the inflammatory processes of RA [5] . Olive oils are rich in oleic acid (18:1n9), which can be metabolized to eicosatrienoic acid with antiinflammatory properties, similar to n3 polyunsaturated fatty acids from fish oils [6 • ,7]. Ecologic studies previously reported a low prevalence of RA in northwestern Greece, where the consumption of olive oil is high, and RA tended to be milder in the Faeroe Islands, where consumption of fish and whale is high [8, 9] . Linos et al. [7,10] conducted two separate case-control studies based on Greek populations and showed that olive oil consumption is inversely associated with the risk of RA. Cooked vegetable consumption was also inversely associated with the risk of RA [7] . Shapiro et al. [11] conducted a case-control study based on a western Washington population and reported that the consumption of broiled or baked fish was associated with a decreased risk of rheumatoid arthritis (odds ratio [OR] for $2 servings of broiled or baked fish per week, compared with <1 serving, 0.57 [95% CI, 0.35-0.93]).
These observational study findings of dietary risk factors for RA are consistent with those from several double-blind randomized trials based on patients with existing RA. These trials collectively showed modest antirheumatic benefits of omega-3 fatty acid supplementation, including reduced morning stiffness, tender joint counts, and use of nonsteroidal anti-inflammatory drugs [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Furthermore, a recent 3-month randomized trial of patients with active RA demonstrated that the traditional Cretan diet resulted in a reduction in inflammatory activity (including reduction of C-reactive protein levels), an increase in physical function, and improved vitality, whereas an ordinary omnivorous diet did not [6 • ]. The well-documented cardiovascular benefits of Mediterranean diets may add substantial therapeutic benefits in RA management, given the increased risk of cardiovascular disease in patients with RA [4, [25] [26] [27] [28] .
Fruits, vegetables, and vitamin C
The EPIC-NOAR case-control study also investigated the potential role of antioxidants in the risk for inflammatory polyarthritis (n = 73 incident cases) [29 • ]. The authors found that lower intakes of fruit, vegetables, and vitamin C were associated with an increased risk for the development of inflammatory polyarthritis [29 • ]. The adjusted odds ratio for the development inflammatory polyarthritis between the upper and lower tertiles of vitamin C intake (with the upper tertile as the referent) was 3.3 (95% CI, 1.4-7.9) and the corresponding odds ratio for intake of fruits and vegetables was 1.9 (1.0-4.0). Vitamin E, b-carotene, retinol, or selenium was not associated with the risk [29 • ].
Coffee and tea
The Mini-Finland Health Survey Cohort (a prospective study of ;7000 persons, including 69 with rheumatoidfactor-positive RA) first reported a potential link between coffee intake and risk of RA caused by an unknown mechanism (relative risk [RR] of 2.2 [95% CI 1.13-4.27] for those drinking 4 or more cups of coffee daily compared with those drinking fewer than 4 cups daily) [30] . The Iowa Women's Health Study (a prospective cohort study of 31,336 women including 158 with incident RA) investigated the role of caffeinated and decaffeinated coffees and tea and found that decaffeinated coffee, but not caffeinated coffee, is positively associated with RA incidence (RR for $4 cups/day vs none, 2.58, 95% CI 1.63-4.06) [31] . Tea consumption was inversely associated (RR for >3 cups/day vs none, 0.39, 95% CI 0.16-0.97) [31] . The hazardous role of decaffeinating solvents and the anti-inflammatory/antioxidant properties of tea were speculated to be potential mechanisms behind these associations [31] [32] [33] . However, these findings were soon refuted by the Nurses' Health Study (a prospective cohort study of 83,124 persons, including 480 with incident RA), which showed no associations with these beverages (RR between $4 cups/day and no consumption: 1.1 [95% CI, 0.5-2.2] for decaffeinated coffee and 1.1 [0.8-1.6] for caffeinated coffee; RR 1.1 [95% CI 0.7 to 1.8] for >3 cups/day vs none for tea) [34 • ]. Thus, the potential link between these beverages and the risk of RA remains unclear at this point.
Vitamin D and dairy products
Vitamin D has been shown to suppress the development and severity of RA in a murine model, although its effects on the human immune system have been more speculative [3 • ]. A study based on 152 incident RA cases in the Iowa Women's Health Study showed an inverse association between intake of vitamin D or milk products and the risk of RA [35 • ]. However, the recent EPIC-NOAR study seems to refute these findings by showing a weakly positive association between dairy consumption and the risk [3 • ]. Further studies are necessary to clarify this potential link.
Gout
Purine-rich foods, dairy products, certain proteins, and alcoholic beverages have all been found to have an influence on gout.
Purine-rich foods, dairy products, and protein intake Various purine-rich foods and a high-protein intake have long been thought to be risk factors for gout, but the associations had not been prospectively confirmed [36, 37] . Metabolic experiments in animals and humans demonstrated the urate-raising effect of the artificial short-term loading of purified purine [38] [39] [40] [41] . By contrast, the possibility that the consumption of dairy products has a role in protecting against gout has been raised by previous studies [42, 43] . Recently, the relation between these purported dietary risk factors and incident gout was prospectively examined over 12 years in 47,150 men (the Health Professionals Follow-up Study) with no history of gout at baseline [44 •• ,45 •• ]. During the 12 years, there were 730 confirmed incident cases of gout. Men in the highest quintile of meat intake had a 41% higher risk of gout than did those in the lowest quintile, and men in the highest quintile of seafood intake had a 51% higher risk than did those in the lowest quintile [45 •• ]. However, purine-rich vegetable consumption was not associated with an increased risk of gout. Furthermore, men in the highest quintile of dairy intake had a 44% lower risk of gout than did those in the lowest quintile, and this inverse association was limited to low-fat dairy consumption. Although total and animal protein intake were not significantly associated with the risk of gout, men in the highest quintile of vegetable protein had a 27% lower risk of gout than did those in the lowest quintile, and men in the highest quintile of dairy protein intake had a 48% lower risk of gout than did those in the lowest quintile [45 •• ] . Dairy protein may exert its urate-lowering effect without the concomitant purine load contained in other protein sources such as meat and seafood, given that dairy products have a low purine content [43, 46] .
A study of uric acid levels (as a surrogate outcome) measured in the Third National Health and Nutrition Examination Survey (1988) (1989) (1990) (1991) (1992) (1993) (1994) was related to dietary factors to assess the mechanism of the association between diet and gout [47 • ]. Using data from 14,809 participants (6932 men and 7877 women) aged 20 years and older, the relation between intake of purine-rich foods, protein, and dairy foods and serum uric acid levels was examined. Serum uric acid levels increased with increasing total meat or seafood intake and decreased with increasing dairy intake. After adjustment for age, the differences in uric acid levels between the extreme quintiles of intake were 0.48 mg/dL for total meat (95% CI, 0.34-0.61; P for trend <0.001), 0.16 mg/dL for seafood (95% CI, 0.06-0.27; P for trend, 0.005), and ÿ0.21 mg/dL for total dairy intake (95% CI, ÿ0.37-ÿ0.04; P for trend, 0.02). After adjustment for other covariates such as age, sex, body mass index, serum creatinine, hypertension, alcohol use, and diuretic use, the differences between the extreme quintiles were slightly attenuated but remained significant (all P values for trend <0.05). Total protein intake was not associated with serum uric acid level in multivariate analyses (P for trend, 0.74) [47 • ].
Alcoholic beverages
The association between alcohol consumption and risk of gout has been suspected since ancient times. However, the association had not been prospectively confirmed. Ethanol intake has been shown to increase serum uric acid level via both decreased urate excretion and increased production [48] [49] [50] [51] [52] [53] . In the Health Professionals Follow-up Study, increasing alcohol intake was associated with increasing risk of gout (a dose-response relation) [ 
In comparison with men who did not drink alcohol, the multivariate relative risk of gout in men who did consume alcohol was 1.32 (95% CI 0.99-1.75) for alcohol consumption 10 to 14.9 g/day, 1.49 (1.14-1.94) for 15 to 29.9 g/day, 1.96 (1.48-2.60) for 30 to 49.9 g/day, and 2.53 (1.73-3.70) for 50 g/day or more (P for trend <0.001) [44 •• ]. Among individual alcohol beverages, beer consumption showed the strongest independent association with the risk of gout (multivariate RR per 12-oz serving per day, 1.49; 95% CI, 1.32-1.70). Liquor consumption was also significantly associated with gout (multivariate RR per drink or shot per day 1.15; 95% CI, 1.04-1.28), but wine consumption was not (multivariate RR per 4-oz serving per day, 1.04; 95% CI, 0.88-1.22). These findings confirm the long-believed relation between alcohol intake and gout and also suggest that certain nonalcoholic components that vary across these alcoholic beverages play an important role in the incidence of gout. Beer is the only alcoholic beverage acknowledged to have a large purine content, which is predominantly guanosine, a readily absorbable nucleoside [54, 55] . The effect of ingested purine in beer on blood uric acid may be sufficient to augment the hyperuricemic effect of alcohol itself, producing a greater risk of gout than liquor or wine. It remains unclear whether there are other nonalcoholic offending factors, particularly in beer, or perhaps instead protective factors in wine that mitigate the effect of alcohol on the risk of gout [44 •• ] .
The association between intakes of beer, liquor, and wine and serum uric acid levels was also examined by use of the same data from the Third National Health and Nutrition Examination Survey described above [56 • ]. The mean serum uric acid level increased with increasing total alcohol intake (P values for trend <0.001). After adjustment for age, the difference in serum uric acid levels, compared with no intake, increased with increasing beer or liquor intake (P values for trend <0.001), but the association was inverse with increasing wine intake (P for trend <0.001). After mutual adjustment for the individual alcoholic beverages in addition to other risk factors, the differences remained significant for beer (0.46 mg/dL for each additional serving; 95% CI, 0.32-0.60; P for trend <0.01) and for liquor (0.29 mg/dL; 0.14-0.45; P for trend <0.01). For wine, however, such adjustment eliminated the inverse association (0.04 mg/dL for each additional serving; 95% CI, ÿ0.20-0.11; P for trend, 0.6) [56 • ]. These findings closely agreed with the observed associations between these alcoholic beverages and incident gout observed among men in the Health Professionals Follow-up Study [44 •• ] . These results suggest that moderate consumption of wine may not increase serum uric acid levels as do other alcoholic beverages.
Osteoarthritis
Some studies suggest that reactive oxygen species, which are generated by cells within joints possibly causing oxidative damage to various macromolecules, may have a role in the pathogenesis of osteoarthritis [57, 58] . The Framingham Osteoarthritis Cohort study previously showed that persons with higher vitamin C and E and b-carotene intake might be less likely to have progressive knee OA [59] . However, a 6-month, double-blind, randomized, placebocontrolled study of vitamin E 500 IU/day showed no benefit for any of the outcome measures in symptomatic knee OA [60] . In a recent 2-year, double-blind, placebo-controlled trial, 136 patients with knee OA according to the American College of Rheumatology clinical and radiographic criteria were randomized to receive vitamin E (500 IU) or placebo [61] . Tibial cartilage volume was measured by MRI at the beginning and end of the study. Loss of medial and lateral tibial cartilage was similar in study participants treated with vitamin E and placebo. There were no significant differences between the vitamin E-treated and placebotreated groups in improvement of symptoms from baseline. Similarly, dietary levels of other antioxidants (vitamin C, b-carotene, and retinol) had no effect on cartilage volume loss [61] .
Conclusion
As reviewed here, the data on dietary risk factors in rheumatic disorders are growing. Established large cohorts have increasingly served as an excellent source for addressing these questions, which would have been difficult to study from other sources. Although some of these findings are preliminary, others represent confirmation of longsuspected, biologically well-established links. Overall, the available published reports examining the association between diet and rheumatic disorders are still limited, compared with those for more common medical conditions such as cardiovascular disorders. More research is needed to drive robust conclusions that may lead to sound recommendations. The public health implication of dietary recommendations should take into account other potential benefits and risks associated with the respective dietary factors, because many of these factors have health effects beyond their influence on rheumatic disorders. Also, a dietary strategy that is effective for primary prevention may not always translate into an effective secondary prevention strategy among patients with existing rheumatic disorders. Nonetheless, as the evidence on the role of dietary factors in rheumatic disorders grows, it becomes increasingly important for clinicians and investigators in the field of rheumatology to familiarize themselves with the relevant data and apply them appropriately to clinical and public health practice. 
